Abstract. Polystyrene nanospheres have been synthesized by atom transfer radical polymerization (ATRP) to control the molecular weight distribution in the aqueous system. The crucial factor in such a system is the ligand that adjusts the solubility of the catalyst in different phases to control the concentration of both the activator and the deactivator in reaction phase. The effect of different ligands including ethylenediamine, 1,10-phenanthroline (phen) and 4,4-dinonyl-2, 2-bipyridyl (dNbpy) on the catalytic solubility in the organic and aqueous phase has been investigated. The molecular weight distribution of polymer obtained in this way was analyzed by gel permeation chromatography (GPC). It showed that the obtained polymer particles presented a broad molecular weight distribution (polydispersity index 1.78) with ethylenediamine as the ligand, but the polymerization rate was high and conversion reached 96.8%. The molecular weight distribution of polystyrene was narrowest with dNbpy as ligand, but the conversion was lowest and only achieved to 69%. Possible reasons were the influence of the structure of three different ligands on the control of ATRP reaction. SEM and GPC indicated that the polystyrene nanospheres presented regular sphere with a diameter of about 120 nm and uniform molecular weight distribution, which possessed a significant potentials in drug carrier field.
Introduction
Monodisperse polymer nanospheres have found a wide variety of applications in coating, instrument calibration, chromatography and biomedical treatment etc [1] . However, polymer materials produced by traditional radical polymerization have a broad molecular weight distribution. Many applications require particles consisting of a pre-defined molecular weight and a narrow molecular weight distribution [2] . Control over the polymer molecular weight and its distribution during polymerization has long been a challenge in polymer material research, especially in the applications for medicine release material and as biotechnology materials [3, 4] . The advent of atom transfer radical polymerization (ATRP) provides a new way to synthesize polymers with controlled molecular weight [5] [6] [7] . Numerous well-defined (co)polymers with the desired molecular weight and low polydispersity index (PDI <1.5) [8, 9] , (co)polymers with complex architectures [10] [11] [12] [13] , functional polymers and hybrid materials have been prepared by the ATRP technique [14] [15] [16] . Atom transfer radical polymerization (ATRP) also remains one of the most powerful, versatile, simplest, and least expensive polymerization techniques [17] . Not only does this feature offer ability to tailor the polymer coatings to possess a variety of compositions and functionality, but this feature may be important in biomedical applications to modify a biological polymer specifically for cellular interactions [18, 19] . The basis of the ATRP technique is the reversible transfer of a halogen atom from a polymeric alkyl halide (R-X) to a transition metal complex (LMtn), generating an organic radical and a transition metal complex (LMtn+1X) with a higher oxidation state [20] . To establish the equilibrium between LMtn and LMtn+1X so that it is strongly shifted toward the LMtn complex, many factors should be taken into consideration, involving the monomer, initiator with a transferable halogen, catalyst (composed of a transition metal species with any suitable ligand), solvent and temperature [21] .
Over the past few years, extensive studies on ATRP have mainly focused on homogeneous bulk or solution systems to obtain a variety of well-defined (co)polymers with controlled molecular weights. Its use has been demonstrated for the synthesis of a series of functional monomers such as (meth)acrylate, (meth)acrylamide and (meth)acrylic acids, giving the target polymers better control of the molecular weight and distribution [22] [23] [24] [25] . Currently, in order to meet the requirements for environmentally benign technology and the development of sustainable chemistry, some new strategies are beginning to be pursued. The major approach is based on using water as the solvent, both from an environmental view and safety related reasons [26, 27] . In aqueous dispersed media, such as an emulsion or suspension, the polymerization is able to effectively transfer heat from exothermic polymerization processes and allows a dramatic increase of the polymerization rate [28] . The polymer nanospheres produced in this way can be used directly in drug delivery, microencapsulation and many other applications [29] . However, unlike bulk/solution ATRP, to maintain the 'living' character of the polymerization in a stable emulsion, many factors need to be considered. For instance, the choice of an appropriate surfactant, the solubility of the initiator and the radical trapping agent in both the organic and aqueous phases, avoidance of any potential side reactions caused by water and a high reaction temperature, all require attention. Among these, the choice of ligand is a crucial factor that adjusts the catalytic solubility in the organic and aqueous phases and has a tremendous impact on the controlled polymerization. It should be noted that a further requirement of the ligand (such as dNbpy) for aqueous dispersion is that it must form soluble catalyst complexes with the chosen monomer. The ligand can then improve the retention of the catalyst in the particle phase where polymerization takes place and minimize partitioning into the aqueous phase. However, it is well known that even with a hydrophobic ligand, not all of the catalyst complex can be prevented from partitioning into the aqueous phase [28] . The object of this work was to investigate the ability to control the molecular weight and latex stability of polystyrene nanospheres using ATRP in an aqueous emulsion system. The ligand adjusts the solubility of the catalyst in the different phases to control the concentration of both the activator and the deactivator in the reaction phase. The selection of the ligand becomes a key for controlling the reaction and molecular weight in the aqueous system. Ethylenediamine, phen and dNbpy were used as ligands with various experimental conditions. The influence of the ligands on the conversion and molecular weight distributions is then discussed. The reason for the different results obtained is analysed primarily by consideration of the solubility of the metal-ligand complexes in the organic phase and the structure of ligand. 
Experimental

Polymerization procedure
The polymerization was conducted in a flask fitted with a mechanical stirrer, nitrogen inlet and condenser. Copper (I) chloride (0.15 g) and different amounts of ligand were directly dispersed into monomers. The monomer mixture was added to an aqueous solution of the surfactant with hexadecane and then dispersed for 20 min (450 W) using an ultrasonic instrument (KQ-2300, 150 W, China) at room temperature. Afterwards, the mixture was added to a flask with constant stirring under high purity nitrogen (N 2 99.999%). The reactor was immersed in a thermostated water bath to maintain a constant temperature. A certain amount of CCl 4 was added to the reaction system held at the specified temperature (80°C) and the time noted. The polymerization reaction was carried out at constant temperature for 8 h to obtain the latex nanospheres.
Characterization
The monomer conversion was determined by a conventional gravimetric method. The molecular weight and the distribution of the polymer were characterized by gel permeation chromatography (GPC, HLC-8220) on a system equipped with a SHIMADZU (LC-10ADVP) pump and a RID-10A detector, with THF as the eluent and a flow rate of 1 mL/min. Narrow-standard polystyrene was used to generate a universal calibration curve. The partitioning of the complexes which were formed by the CuCl and different ligands were determined by UV-VIS spectrophotometry [29] . The latex nanosphere diameter was determined using a dynamic light scattering particle size analyzer (DLS BI90Plus, Brookhaven Instruments Co., USA). The dispersion morphology of the particles in the latex system was observed using transmission electron microscopy (TEM 100CX-II, Jeol Co., Japan).
3. Results and discussion 3.1. The mechanism of synthesizing polystyrene nanospheres with ATRP in emulsion system For this part of the investigation, a certain amount of emulsifier TW-80 was added to the reaction system to emulsify the organic monomer using the ultrasonic emulsification instrument in an aqueous system [30] . Subsequently, a large quantity of miniemulsion droplets was obtained and the ATRP reaction was carried out in the monomer droplets to obtain the nanosphere materials. The mechanism for the synthesis of the polystyrene latex nanospheres is shown in Figure 1 . At the beginning of polymerization, copper (I) chloride and ligand were dispersed into monomers and the mixture was dispersed ultrasonically. The ligand can increase the solubility of the catalyst in the organic phase, so that the complex is diffused into the monomer droplets at the beginning of the polymerization. A certain amount of initiator CCl 4 was then added to the reaction system. In the initiation step, the transition metal complex abstracts the halogen from the organic halides, creating a radical that adds to the monomer; the resulting radical species then propagates further. As the radical propagation reaction takes place, it is rapidly deactivated by a reaction with the oxidized transition-metal/ligand complex, regenerating a halogen-terminated polymeric chain [31] . Through the equilibrium between the activator and the deactivator in the reaction droplets, polymer particles with a narrow molecular weight distribution were obtained using this ATRP method. For this system, the transition-metal/ligand complex is located in the organic monomer phase (styrene) where the ATRP reaction takes place. In Figure 1 . The mechanism of synthesizing polystyrene nanospheres by ATRP in miniemulsion droplets addition, it may be located in aqueous phase, depending on the solubility of the ligand. If the majority of the complex remains in the organic phase, the control polymerization would be easily carried out. If not, the transition metal complex can diffuse into the aqueous phase and the radical species may be difficult to deactivate. The trend of radical propagation polymerization would play a major role. As a consequence, the controlled polymerization could not be completed perfectly and the molecular weight distribution of the polymer obtained would be broadened.
Solubility of the different catalytic system in organic and aqueous phase
The partition of the complexes which formed by CuCl and different ligands were determined by UV-VIS spectrophotometry [29] . Figure 2 shows the UV-VIS absorption spectrum curve of complex which formed by CuCl/ethylenediamine. A comparison of the absorption spectra of the complex in the organic phase and aqueous phase before and after mixing with water revealed a remarkable change at the relative intensity of the peaks around 580 nm.
The resulting complex had a very low solubility in organic phase before mixing with water, but stronger characteristic absorption peak emerged in the aqueous phase after mixing with water. Figure 3 shows that the complex which formed with CuCl and phen emerged stronger characteristic absorption peak around 660 nm before mixed with water, and the absorption peak around 660 nm was weakened in the organic phase after mixing with water. Figure 4 shows that the complex (CuCl/dNbpy) exhibited stronger characteristic absorption peak around 460 nm in the organic phase. By comparing the three different metal complexes, the results indicated that CuCl/ethylenediamine was highly soluble in water phase and a lot of complexes were easily migrated to the aqueous phase. However, the complex of CuCl/dNbpy exhibited stronger characteristic absorption peak in the visible range. That is to say, the complexes had a stronger solubility in organic phase and the majority of the complex remains in the organic phase after mixing with water. The solubility of CuCl/ phen in organic phase was between the two complexes mentioned above. In ATRP, equilibrium switching between the n and n + 1 oxidation states was achieved by using a metal complex [32] . Since the polymer chains grow in the organic phase, the first requirement for control of the polymerization is to have a sufficient concentration of both the activator and the deactivator in the organic phase where reaction is to take place. The ligand increases the solubility of the catalyst in the organic phase. Therefore the choice of the proper ligand becomes crucial.
Influence of different kinds of ligands on the control of the ATRP reaction
The key to controlling the radical polymerization is to maintain a rapid equilibrium between the growing radicals and the dormant species. To facilitate a successful ATRP, it is essential to have both a radical activator and deactivator available in the organic phase where the polymerization takes place [33] . One role of the ligand is to adjust the partitioning behavior of the metal complex between the oil phase and the aqueous phase. Thus, the selection of a suitable ligand becomes essential.
In this system, CuCl was added to the ATRP system to facilitate the establishment of the equilibrium between the radical and dormant species. The relationship of the molecular weight versus conversion and that of conversion versus time with ethylenediamine as the ligand are shown in Figures 5a and 5b . It can be seen that the polymer finally obtained had a very broad molecular weight distribution with a polydispersity index of 1.78. A long tail was found in the GPC curves with a conversion of 96.8%. In contrast, experiments with phen and dNbpy as the ligand system were also carried out. Figures 6a and  6b show the relationship of conversion versus time and the relationship of molecular weight versus conversion with phen as the ligand. The results revealed that the conversion of styrene gradually increased with the polymerization time. The polymer obtained with phen as ligand had a narrow molecular weight distribution (PDI:1.65) and lat- eral shift with increasing of conversion towards higher molecular weight. Figures 7a and 7b show the relationship of conversion versus time and the relationship of molecular weight versus conversion with dNbpy as ligand. The molecular weight distribution of polystyrene was the narrowest (PDI:1.44) of the three samples, but the conversion was also lowest, only reaching 69%. Figure 8 shows the relationship of ln([M] 0 /[M] t ) versus time of the emulsion ATRP of St with the three different ligands (ethylenediamine, phen, dNbpy). It shows that the polymerization rate obeyed almost first order kinetics [34] . The polymerization rate with the CuCl/ethylenediamine system was faster than either the CuCl/dNbpy or CuCl/phen systems. From the above results we found that phen and dNbpy had higher solubility in the organic phase, especially dNbpy. The hydrophobic ligand can increase the solubility of the catalyst in the organic phase where the polymerization takes place. So the most efficiently controlled polymerization (giving a polydispersity below 1.50) was produced using the CuCl/dNbpy complex which facilitated a balance between the activation and deactivation processes in the reaction phase. dNbpy has stronger solubility in the organic phase, so it was employed effectively as a ligand for the ATRP in the emulsion and miniemulsion systems [35] . However, the catalytic activity of the copper complex with dNbpy is rather low and requires a high polymerization temperature, which reduces the stability of the monomer droplets/growing particles and leads to lower conversion during the polymerization. The reason is possibly due to the different structures of the ligands. It can be found from the structure of the ethylenediamine ligand that the lower steric hindrance around the nitrogen atom was conducive to form the living radical more quickly and so increased the polymerization rate. The above results therefore indicated that CuCl/ethylenediamine was highly soluble in water and a large quantity of the complexes easily migrated to the aqueous phase. As a result, the particles produced can undergo an uncontrolled conventional free radical polymerization due to the absence of the copper complex as deactivator/activator. With the long alkyl substituent of dNbpy as ligand, the steric hindrance around the nitrogen atoms was significant. To a certain extent, large steric hindrance hindered the formation of a living radical. At the same time the copper complex with dNbpy was rather unstable, which decreased the activity of the catalyst. In order to increase the catalytic activity, high polymerization temperature was required, but high temperature reduces the stability of the monomer droplets/growing particles during the polymerization. In addition, the good oil-solubility of the ligand played a beneficial role for controlling the reaction. Therefore, the experiments demonstrated that the effect of ATRP on the controllability not only depended on the solubility of the catalyst complex in the organic phase, but also depended on its ability for radical trapping.
3.4.
The selection of surfactant in emulsion of ATRP The influence of latex stability with different types emulsifiers on the reaction system was studied with dNbpy as ligand ( Table 1) . It appeared that the stability of system with SDS as emulsifier was poor and the polymer presented a broad molecular weight distribution. The ionic surfactants appeared to be not suitable for the emulsion ATRP [36] . The possible reason was that the system had a lot of hydrophilic groups -SO 4 Na, which finally led to the system instability. Nonionic surfactant, however, was good candidates for emulsion ATRP. But OP-10 did not stabilize the system and the latex particles were coagulated after 2 h from the beginning of polymerization. Among the surfactants in this work, the nonionic Tween 80 presented a perfect result. It obtained a stable reaction system and showed a good livingness for the conversion and control molecular weight of polystyrene nanosphere. Therefore, Tween 80 was employed as emulsifier in this study. One of the major challenges facing emulsionbased ATRP was very limited range of suitable surfactant. The latex stability was a real problem in controlled/living radical polymerization. Therefore, the choice of emulsifier became very essential. Figure 9 shows the size distribution of polystyrene nanosphere by the method of emulsion ATRP with Tween 80 as surfactant. The polystyrene latex nanospheres obtained had a diameter of 120 nm with a narrow size distribution. The morphology of polymer latex nanosphere was observed by scaning electron microscopy (SEM), as shown in Figure 10 . It appeared that the polystyrene latex nanosphere was uniform spherical with a diameter of about 120 nm. The most important predominance was that the polymer particle possessed a narrow molecular weight distribution. In other words, the obtained polymer nanospheres hold a symmetrical configuration and uniform size molecular weight. The material of latex nanosphere produced is very significant in drug targeting carrier systems, the target-selective delivery and release of loaded drugs and other many application fields. 
Conclusions
The effect of different ligands including ethylenediamine, 1,10-phenanthroline (phen) and 4,4-dinonyl-2,2-bipyridyl (dNbpy) on the controlled polymerization of monodisperse polystyrene nanospheres was investigated. Using oil-soluble of ligand (dNbpy), the corresponding polydispersity of polystyrene was 1.44, but the conversion was at around 69%. The obtained polymer using ethylenediamine as ligand presented a broad molecular weight distribution (polydispersity index 1.78) but the polymerization rate was high and conversion reached to 96.8%. CuCl/ethylenediamine was highly soluble in water. The metal complexes were easily migrated to the aqueous phase and led to an uncontrolled polymerization reaction, whereas the polymerization rate with the CuCl/ethylenediamine system was faster than that with the CuCl/dNbpy or CuCl/phen system. The controllability of polymerization reaction depended on the solubility of metal complexes in organic phase, but the structure of ligand and the steric hindrance also played a key role in this system. With dNbpy or phen as ligands the steric hindrance around nitrogen atoms was remarkable. To a certain extent, large steric hindrance hindered the formation of living radical, at the same time the complex with CuCl was instable, which decreased the catalytic activity of the catalyst. Tween 80 presented the best results of latex nanosphere stability in the system. SEM showed the polystyrene latex nanospheres were uniform spherical with a diameter of about 120 nm. The material of latex nanosphere presented a significant potential in drug targeting carrier field.
